A radiometer is developed to quantify the nitric oxide density in the mesosphere and thermosphere by measuring the γ (1, 0) 215 nm band twilight airglow. It discriminates the airglow from background radiations such as the Rayleigh scattered sunlight by making use of a self-absorbing gas cell.
Introduction
NO (nitric oxide) is one of the most important minor constituents in the lower thermosphere and even in the mesosphere and stratosphere, and NO + is one of the most abundant ions in the ionospheric E and F1 regions (see e.g. Tohmatsu and Ogawa, 1990) . NO shows a density peak at around 105 km. From the peak up to about 130 km, it is produced in the reaction of meta-stable atomic nitrogen and O 2 :
and of atomic nitrogen in the ground state and O 2 above 130 km:
The loss of NO is governed by the reaction with atomic nitrogen in the ground state:
and by photodissociation due to solar radiation:
NO + hν (< 190.8 nm) → N( 4 S) + O.
It is also an interesting constituent because its abundance in the thermosphere varies considerably with the solar activity (Iwagami et al., 1993) . It also acts to stabilize the thermospheric temperature because of its infrared active nature (e.g. Tohmatsu and Ogawa, 1990) ; when the thermospheric temperature increases with the solar activity, radiative cooling by NO also increases to form a negative feedback. NO densities also increase under the influence of the aurora (Iwagami and Ogawa, 1980) . Such aurorally produced NO may affect to the stratospheric ozone chemistry after downward transportation during the polar night (Iwagami et al., 1998) .
The first measurement in the thermosphere was made by Barth (1964) by measuring the γ (1, 0) 215 nm band twilight airglow (X 2 − A 2 + ) with a grating spectrometer on board a sounding rocket. Even now this is the standard technique to infer the NO density distribution in the thermosphere. In the present paper, similar but simpler instrument is described. It is based on a kind of 'correlation spectroscopy' using a self-absorbing gas cell. Without using a Copyright c TERRAPUB, 2013. grating spectrometer it is possible to make the instrument suitable for a rocket and a satellite experiment; however, various kinds of corrections must be taken into account.
Instrumentation
In Fig. 1 the optics of a NO γ band radiometer is illustrated schematically. It consists of an interference filter, a lens, NO-gas-filled and blank cells, an aperture mask and a PMT (photomultiplier tube). The interference filter has a central wavelength of 215 nm with a FWHM (full width of a half maximum) of 15 nm. The lens is made of fused silica allowing UV light to pass through. The lens has a focal length of 50 mm and an aperture of 38 mm. The cells are 30 mm in diameter and 10 mm in thickness. The NO cell is filled with NO gas of 400 torr in pressure, and the blank cell is with vacuum. During a measurement either of a NO cell or a blank cell is placed on the optical path alternately. The NO cell absorbs the γ (1, 0) band emission as demonstrated in Figs. 2 and 3. The data shown in Fig. 2 were obtained by using a NO-gas-emission source, a monochromator, a blank or a NO cell and a PMT without a band-pass filter. The data shown in Fig. 3 were obtained by using a continuum light source, a monochromator, and the rocket instrument with a band-pass filter. Since the continuum light source has larger irradiance in the longer wavelengths where the monochromator has also a larger efficiency, the γ (0, 0) band at 226 nm appears larger than the γ (1, 0) band at 215 nm although the filter has a peak transmission at 215 nm.
For larger data acquisition rate, two pairs of NO and blank cells are used for the latest version. Those four cells are set on a cell-wheel rotating once a second. The sampling duration is about 100 ms for each cell. The aperture mask set on the focal plane on the PMT limits the field of view to 6
• in full angle. The PMT has a CeTe photo-cathode being blind for visible light. The PMT type used is R431s (head on) or R166 (side on) manufactured by Hamamatsu Photonics. The electronics is just an analogue amplifier having three gains, Low (×1), Medium (×10) and High (×100). The bit rate usually needed is 4.8 kbps (8 bit × 200 Hz sampling × 3 channels). The radiometer is usually set at the top portion of a rocket looking upward in the same direction as the spin-axis. The data were obtained in a laboratory by using a NO-gas-emission source, a monochromator, a blank or a NO cell, and a PMT without a band-pass filter (revised figure after Tohmatsu and Iwagami, 1976) .
Calibration
The absolute sensitivity may be checked by using a UV lamp with known irradiance; however, the absolute sensitivity used actually for the analysis is determined by using the Rayleigh scattered sunlight measured at the same time as the γ band airglow. To use the Rayleigh scattered sunlight as a reference has an advantage over to use a lamp that it is not affected by the change in the solar activity because both the γ band airglow and the Rayleigh scattered sunlight vary with the solar UV flux. However, this advantage is not so important since the change in the solar UV flux over one solar cycle in the present wavelength region is just 4% or so (Lean et al., 1997) . 
Rocket Experiment
Since the γ band airglow is due to resonance fluorescence, the experiment is usually carried out in the morning or evening twilight. On such local time, there is an advantage that the direction of the field of view may be kept away (more than 90
• ) from the sun; it is important to avoid contaminating light from the sun. Since the UV shadow height varies from 50 km at 90
• in SZA (solar zenith angle) to 75 km at 95
• in SZA, a rocket experiment should be done when the SZA is less than 95
• if data above 75 km is needed. However, as far as the field of view is kept away from the sun, smaller SZA (e.g. 80
• -90 • ) is preferable. This is because less correction for self and atmospheric absorptions is needed for smaller SZA.
The measurement starts just after the nose-cone (or nosefaring) opening at around 60 km in ascent. The rocket passes through the airglow layer peaking at around 105 km, reaches the apogee at around 180 km and falls down on the sea seven minutes after the launch in case of the S-310 type rocket. Meaningful data are obtained until the attitude of the rocket start to change due to thick atmosphere at around 90 km during descent. The rocket attitude affects to the results through a factor of 1/ cos(Z A), where Z A is the zenith angle of the spinning axis. Since Z A is usually less than 45
• after the launch until reaching 90 km in descent, the effect due to attitude change is not so important (usually a precision of 5
• in Z A is enough) as far as the rocket flies as usual.
Analysis
During a measurement, two pairs of the S B L (signal with a blank cell) and S N O (signal with a NO cell) are obtained every second. In the simplest approximation,
and where C is an instrumental constant, 4π I 10 is the γ (1, 0) band emission rate, 4π I R is the Rayleigh scattering emission rate and 4π I B is the background emission rate. The difference between them is in proportion to 4π I 10 as
This is the simplest interpretation; however, many more corrections are needed to discriminate the γ (1, 0) band airglow more precisely from contaminating emissions such as the Rayleigh scattered sunlight. This is especially important at lower heights such as in the mesosphere. The following corrections are introduced to improve the approximation: The correction factors for the above may be determined by laboratory calibrations or from the NO molecular constants (Tohmatsu and Iwagami, 1976) . After taking the above corrections into account, Eqs. (5) and (6) are modified to the followings:
and
where parameters α, β, f and w correspond to the corrections (a), (b), (c) and (d), respectively. More details and the determining procedures are described in Tohmatsu and Iwagami (1976) . Fig. 3 demonstrates one of the procedures to find out some of those correction parameters. The error due to the Doppler shift of the airglow line from the absorption line in the cell is unimportant because of pressure broadened absorption lines (Iwagami and Ogawa, 1981) . The measured NO density profiles show considerable dependence on the solar activity. The peak density appearing at around 105 km varies almost one order of magnitude along one solar cycle. The error is defined as the ratio (random noise in the emission rate) / (the height resolution assumed), where the height resolution is usually about 5 km. This is a width of a smoothing filter for 4π I 10 used before the differentiation in Eq. (10) (figure after Iwagami and Ogawa, 1987) .
Example of Results
In Fig. 4 an example of measured 4π I 10 and the sum 4π I R +4π I B are plotted. They are calculated from the measured S B L and S N O by using Eqs. (8) and (9). 4π I 10 is the γ (1, 0) band emission rate in proportion to the NO column density, and 4π I R + 4π I B is a sum of the emission rates of the Rayleigh scattering (seen below about 90 km) and star background (seen above 150 km). By using an approximation of constant star background (for example, 50 R in Fig. 4) , it is possible to separate 4π I R from 4π I R + 4π I B . Then, the instrumental constant C may be determined by the comparison of measured and expected Rayleigh scattering emission rates.
The NO number density n NO may be derived from the emission rate 4π I 10 using a relation:
where g 10 (z) is the specific emission rate factor of the γ (1, 0) band and z is height. g 10 (z) may be calculated from the solar flux and the scattering cross section of a NO molecule (Tohmatsu and Iwagami, 1976; Iwagami, 1981) . It must be noted that g 10 (z) is a function of n NO (z) itself along the ray path because of the self-absorption effect; an iteration procedure may sometimes be needed to find out n NO (z) especially during the solar maximum period with enhanced NO densities. In Fig. 5 some examples of the NO density distributions at low and middle latitudes derived by using Eq. (10) are shown. The rocket identification, thermopause temperature and the local time are labeled. The measured NO density profiles show considerable dependence on the solar activity. The ISRO and the S210 experiments show smaller peak densities than others because they were carried out under the solar minimum conditions. The peak density appearing at around 105 km varies almost one order of magnitude along one solar cycle.
Remaining Problems and Future Improvements
As seen in Fig. 3 some difference is present between the transmissions of blank and NO cells at wavelengths outside the NO absorption bands. Such difference is one of main sources of errors in the analysis although it is expected to be corrected mostly by the factor f in Eq. (9). Such difference in transmissions may be due to contaminant in the fused silica. It may be improved if purer or more homogeneous silica is selected to make the cells, or synthesized silica may work better. This error may also be improved by selecting suitable pairs of NO and blank cells. The difference in the cell transmission is just a few percent as seen in Fig. 3; however, the error due to this difference may be enhanced for measurements in the lower heights where the Rayleigh scattering is more intense than the γ band airglow.
